These findings highlight the value of electrostatic interactions for the creation of novel donoracceptor TMD-based ensembles and their relevance for managing the performance of photoelectrochemical and optoelectronic processes.
INTRODUCTION
Transition metal dichalcogenides (TMDs), with most representative and studied members MoS 2 and WS 2 , have attracted great consideration in the last few years as a result of their unique optical, electronic and catalytic properties. 1, 2 Without surprise, MoS 2 and WS 2 have also been considered potentially suitable for diverse applications, spanning from energy conversion and storage (solar cells, batteries, supercapacitors) [3] [4] [5] to sensing and photo-and electro-catalysis. 6, 7 However, in order to take full benefit of the novel characteristics of MoS 2 and WS 2 , manipulation in wet media and hybridization with other functional materials is required. The latter can be realized by chemically functionalizing TMDs with organic materials, en route the development of ensembles with intriguing properties directly derived from the inherent characteristics of the two species. The integration of functional species on MoS 2 and WS 2 can be achieved either via covalent bonding or through supramolecular interactions. 8 In addition, surface functionalization permits managing the charge carrier density, by inducing or removing defects, therefore allowing to tune and control the optoelectronic properties of TMDs, 9 which are dominated by excitonic transitions. 10, 11 In recent years, the functionalization of exfoliated TMDs steadily expands and diverse strategies are nowadays available allowing their modification in a facile way. For example, aryl diazonium salts and organoiodides have been employed to decorate the basal plane of MoS 2 with organic addends, 12, 13 while functionalization with thiols has been achieved, though without clear evidence if the thiol is bound or has been converted to the corresponding disulfide that is eventually physisorbed onto the MoS 2 . 14 However, a more straightforward route for obtaining functionalized MoS 2 and WS 2 involves reaction with 1,2-dithiolanes, which possess high binding affinity for Mo and W atoms with S vacant sites located at the edges. 15 . In fact, with the latter approach, innovative hybrid materials with interesting photophysical and/or electrocatalytic properties were prepared, also with the advantage of preserving intact the basal plane since the functionalization reaction occurs only at edges, where the majority of S defects are concentrated.
As prominent paradigms, incorporation of pyrene and carbon nanodots (CNDs) on MoS 2 , 15, 16 and electrostatic association of a porphyrin and CNDs on ammonium functionalized MoS 2 On the other hand, polythiophenes, belonging to the greater family of conjugated polymers, exhibit environmentally stable behavior and can find useful applications in organic electronics such as for example in field effect transistors, organic solar cells and organic light emitting devices. 19 However, a major drawback of unsubstituted polythiophenes is their poor solubility in organic solvents, which limits sufficient manipulation in wet conditions and handicaps processing and fabrication. Therefore, to overcome this hurdle, specific design of the reactive monomer unit, incorporating solubilizing side-chains, plays a crucial role for achieving polythiophenes with sufficient solubility, that can ultimately facilitate thin-film handling.
Furthermore, these side-chains offer opportunities for spontaneous self-assembling of the polymeric species, thus inducing formation of crystalline domains, which in turn improve the electronic and optical properties. 20 To this end, introducing a charged side chain to a polymer backbone brings aqueous solubility on the corresponding derivatives of polythiophene. 21 Moreover, the presence of charged groups creates an environment for the development of donoracceptor ensembles based on attractive electrostatic interactions, which may promote effective electron and/or energy transfer processes to happen between the components of the ensemble.
Hence, aqueous polythiophenes became attractive and important materials for the development of environmentally friendly hybrid materials for optoelectronic devices. 22 For instance, a water soluble polythiophene derivative was combined with graphene quantum dots to yield hybrid nanostructures, which upon fabrication in an organic photovoltaic device exhibited a powerconversion efficiency of 1.76%. 22 Conversely, incorporating C 60 as electron acceptor species within water-soluble polythiophene micelles, resulted in quenching of the emission of polythiophene, indicating the development of photoinduced excited state interactions. 23 Based on the aforementioned considerations, it is absolutely timely to integrate a water-soluble polythiophene to TMDs and thoroughly examine the corresponding ensembles to gain insights into the optoelectronic properties. To achieve this, (a) polythiophene was specifically modified to bear carboxylic units, which can be easily ionized to the corresponding carboxylates, on its placed on the diamond surface, followed by evaporation of the solvent, in a stream of nitrogen, before recording the spectrum. Typically, 100 scans were acquired at 2 cm −1 resolution. MicroRaman scattering measurements were performed at room temperature in the backscattering geometry using a RENISHAW inVia Raman microscope equipped with a CCD camera and a Leica microscope. A 2400 lines/mm grating was used for all measurements, providing a spectral resolution of ± 1 cm −1 . As an excitation source the Ar + laser (633 nm with less than 2.65 mW laser power) was used. Measurements were taken with 15 seconds of exposure times at varying numbers of accumulations. The laser spot was focused on the sample surface using a long working distance 50x objective. Raman spectra were collected on numerous spots on the sample and recorded with Peltier cooled CCD camera. The data were collected and analyzed with Renishaw Wire and Origin software. Thermogravimetric analysis was performed using a TGA Q500 V20.2 Build 27 instrument by TA in a nitrogen (purity >99.999%) inert atmosphere.
Scanning electron microscope (SEM) imaging and energy dispersive X-ray spectroscopy (EDS)
were performed using a FE-SEM (model JSM-7610F) equipped with an EDAX (X-ACT, Oxford instrument). Zeta potential studies were carried out using a Zeta-sizer NanoZS (Malvern instruments Ltd, UK). The electrochemical experiments were performed with a AUTOLAB PGSTAT302N potentiostat. Cyclic voltammetry assays were carried out in a three-electrode cell employing a 0.1 M NaClO 4 in dry acetonitrile as supporting electrolyte at a scan rate of 20 mV/s.
Photoelectrochemical measurements were carried out on spray-coated samples on FTO substrates (covering area 1 cm 2 ) as working electrode, which were illuminated through a quartz window by a 150 W Xenon arc lamp (LOT-Oriel GmbH, Germany).
Synthesis of 3-thiophene methyl acetate. Thiophene-3-acetic acid (1 g) in dry methanol (20 mL) with a 0.05 mL H 2 SO 4 was refluxed for 24 hours. Then, the reaction poured onto the ultrapure water and extracted with dichloromethane. The organic phase was dried over magnesium sulfate and the solvent was evaporated to furnish a pale-yellow liquid in 80 % yield.
Synthesis of poly(3-thiophene methyl acetate).
The monomer 3-thiophene methyl acetate (2 mmol) was dissolved in dry chloroform (10 mL) and then FeCl 3 (8 mmol) dissolved in 10 mL of chloroform was added dropwise under an inert atmosphere. The reaction mixture was stirred at room temperature for 24 hours, then poured into methanol and the precipitate was filtered. The filtered polymer was washed with methanol and water several times to remove unreacted monomer and any FeCl 3 residue. The obtained poly (3-thiophene methyl acetate) was dried at room temperature overnight.
Synthesis of poly(3-thiophene sodium acetate) 1. Poly(3-thiophene methyl acetate) (100 mg), deionized water (50 mL) and aqueous 2 M NaOH (10 mL) were placed in a double-neck flask and refluxed overnight. After that period, the reaction mixture was filtered and the supernatant centrifuged at 4000 rpm for 5 minutes in order to remove any insoluble materials.
The collected supernatant was transferred inside a dialysis tubing and dialyzed against deionized water for 3 days at room temperature. Subsequent evaporation of water by freeze-drying technique gave 1 as a reddish solid.
Preparation of 2a and 2b. Briefly, 50 mg of exfoliated semiconducting MoS 2 or WS 2 was added to 20 mg of the 1,2-dithiolane derivative carrying a tert-butyl carbamate (BOC) ethylene glycol side chain in 10 mL of DMF. The mixture was stirred at 70 °C for 3 days. After that period, the reaction mixture was filtered through a PTFE membrane (0.2 µm pore size) and the solid residue was washed with dichloromethane. In order to cleave the BOC protecting group, 30 mg of the BOC-modified TMD-based materials were redisperse in dichloromethane and treated with gaseous HCl. The reaction mixture was left under stirring for 12 hours and then filtered through a PTFE membrane (0.2 µm pore size) to yield 2a and 2b.
Titration assays -preparation of 3a and 3b. Aliquots of aqueous 2a or 2b (0.33 mg/mL) were added to aqueous 1 (2 mL, 10 mM) and changes after each addition in the UV-Vis absorption and fluorescence emission spectra upon excitation at 395 nm were recorded.
RESULTS AND DISCUSSION
Based on the general functionalization methodology of exfoliated TMDs with 1,2-dithiolanes, 15 and WS 2 (-31.5 mV) were significantly shifted to more positive values for 2a (10.6 mV) and 2b (6.9 mV) respectively, due to the presence of the positively charged ammonium moieties.
The synthesis of the poly(3-thiophene sodium acetate) 1 was accomplished via oxidative polymerization of 3-thiophene methyl acetate in the presence of iron(III) chloride. 24 Briefly, 3-thiophene acetic acid was initially esterified to the corresponding methyl acetate derivative, in order to protect the oxidative decomposition of the carboxylic acid side chain of the monomer during the oxidative coupling polymerization reaction. 25 Next, the thiophene ester was Figure S8 ) and found to be 2.50 eV.
On the other hand, the conduction band edges for MoS 2 and WS 2 were calcualted to be 4.27 and 3.96 eV below the vacuum level, respectively, as a result of the higher reactivity of Mo vs W. In order to get additional insight on the electronic communication between 1 with MoS 2 and WS 2 , within ensembles 3a and 3b, time-resolved photoluminescence assays based on the time-correlated-single-photon-counting method were conducted. Polymer 1 shows a decay at 555 nm, which was monoexponentially fitted with a lifetime of 0.6 ns. On the other hand, 3a and 3b were better correlated with a biexponential fitting, which after analysis gave rise to lifetimes of 0.12 and 0.6 ns for 3a and 0.14 and 0.6 ns for 3b. While the slow lifetimes were identical to those due to free polymer 1, the faster new ones 0.12 and 0.14 ns, for 3a and 3b, respectively, correspond to the fluorescence quenching of the emission intensity of the singlet excited state of the polymer within the ensembles 3a and 3b. Then, the quenching rate constant and quenching quantum yield were estimated for both 3a and 3b and presented in Table 1 .
To further investigate the interactions between 1 with modified MoS 2 and WS 2 within ensembles 3a and 3b, Raman measurements were carried out under on-resonance conditions The electronic interactions identified between the two components in ensembles 3a and 3b
were further examined by photoelectrochemical measurements. Precisely, dark cyclic voltammetry (CV) assays of 1 showed a voltammogram qualitatively similar to analogous polythiophene derivatives. 29 Specifically, the CV of 1 (Supporting Information, Figure S9 ) was governed by a capacitive behavior at potentials below 0.6 V, and displayed a faradaic feature beyond this value, corresponding to the regions of the bandgap and valence band of 1,
respectively. On the other hand, exfoliated WS 2 and MoS 2 dark voltammograms showed a typical capacitive behavior, with no remarkable redox features. The background current for MoS 2 was lower than that for WS 2 , which suggests a lower electrochemical active area and/or lower conductivity of the material. 30 Focusing on ensembles 3a and 3b, some key differences
were observed under dark current assays. In the case of 3a, the CV showed an enhancement of Table 1 . In the above equations, τ 0 is the lifetime of free polymer 1 and τ 0 is the lifetime of polymer in the corresponding ensemble 3a and 3b.
Finally, the observation of both positive and negative photocurrent intensities at the same applied potential for WS 2 , MoS 2 and 3a, as a function of the scan direction, suggests an important inertness of the photoinduced charges to follow the applied electric field causing a photoinduced memory effect. While this explains concomittantly competing photoanodic and photocathodic contributions in our measurement, this effect, moreover, is reminiscent of a photomemristor behavior, 31 thus opening new pathways for forthcoming studies on TMD-based materials.
CONCLUSION
The integration of poly(3-thiophene sodium acetate) 1 with ammonium functionalized exhibited an enhanced photoanodic current offering additional channels for hole-transfer to the solution, while 3b displayed an increased photocathodic current providing supplementary pathways of electron-transfer to the solution. Moreover, the observed inertness of the photoinduced charges to follow the applied electric field upon reversal of the scan direction not only facilitates concomittantly competing photoanodic and photocathodic processes contributing to the distinct photoresponse behavior of 3a and 3b, but even more reveals the existence of unique photoinduced memory effects in these novel donor-acceptor materials. All in all, the outcome of the current study showcases the significance of TMD-based donor-acceptor ensembles in optoelectronics and photoelectrochemical applications, while it is expected to further encourage and motivate additional explorations of diverse TMD-based ensembles and their performance in charge-transfer processes.
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